Abstract The purpose of the experiments was to evaluate zinc (Zn) fertilization effect on growth, yield and yield components of corn silage grown on a sandy soil under field and outdoor container conditions. Six rates of Zn supply (0 or control; 1.5; 3; 5; 10 and 50 mg kg À1 ) were tested. They were split at three different times during the growing season: (i) 50% immediately after sowing, (ii) 25% at 4-5 leaf stage and (iii) 25% at 8-9 leaf stage. These Zn rates were applied to the soil surface as a solution of Zn sulfate (ZnSO 4 AE7H 2 O). Zn deficiency symptoms appeared at an earlier stage (4-5 leaf stage) as white stripes between the midrib and the margin of leaves for a Zn rate below or equal to 5 mg kg
Introduction
Zinc (Zn) is one of the most important micronutrients for growth and development of higher plants. It is involved in completing many vital physiological functions such as protein synthesis, energy production and maintenance of membrane integrity (Hansch and Mendel, 2009 ). Zn deficiency is a worldwide nutritional constraint for crop production, especially cereals (Cakmak, 2008) . Maize (Zea mays L.) is known to be very sensitive to Zn deficiency (Lindsay and Norvell, 1977; Gupta et al., 2008) . This deficiency commonly occurs in calcareous soils, saline soils, highly weathered soils and sandy soils (Bhupinder et al., 2005) . Sandy soils of Loukkos perimeter (North-West of Morocco) are naturally poor in Zn, and corn silage has shown clear Zn deficiency symptoms. These symptoms appeared as white stripes between the midrib and the margin of leaves, accompanied by an obvious decline in plant height and in silage yield. An adequate Zn fertilization is known to enhance crop productivity (Cakmak, 2008) . In this regard, Lindsay and Norvell (1977) recommended a soil Zn content of 0.8 mg kg À1 (DTPA extraction) as a critical level for corn production. Van Biljon et al. (2010) established the amount of 3.8 mg kg À1 (0.1 M HCl extraction) as a Zn optimum content on sandy soil for corn production. However, Zn can also be toxic when it is present in excess. In this regard, Takkar and Mann (1978) found a decline in maize dry weight under soil Zn content higher than 11 mg kg À1 (DTPA extraction) despite the absence of toxicity symptoms on plants.
Unfortunately, investigations into the importance of Zn fertilization in corn silage production did not receive much attention neither in Morocco nor in other countries of North Africa. Such investigations can be conducted in field or in container trials. Field experiment correlates closely to real conditions. But, it demands large space, high expenditures and long time compared to a container trial. Research comparing corn silage responses to Zn application under field and outdoor container conditions is scarce. Therefore, the present study was undertaken in order to:
1. Evaluate growth, development and yield of corn silage under different levels of soil Zn supply. 2. Establish an optimum rate of Zn to supply for corn silage grown on sandy soil. 3. Compare Zn responses of corn silage under field and outdoor container conditions.
Material and methods

Field experiment
Site description
The experiment was carried out on an agricultural farm (Bassita II) located in Loukkos perimeter (34°96 0 N lat., 6°21 0 W long., 60 m above the sea level, North West of Morocco). This area has a maritime climate. During the growing season (July to October), the average maximum and minimum temperatures were 30°C and 25°C, respectively. Also, a low precipitation rate (7 mm) was recorded during this period.
Experimental soil
The soil was sandy (88.8% of sand, 7.5% of clay and 5.3% of silt), not calcareous (0.1% of total CaCO 3 ), and had a pH of 6.1 (soil/ H 2 O as 1/5) and a low electrical conductivity of 0.04 dS m À1 . It had a Zn content of 0.13 mg kg À1 (DTPA extraction) which was below the critical level of 0.8 mg kg
À1
(DTPA extraction) required for corn (Lindsay and Norvell, 1977) . Phosphorus (P 2 O 5 Olsen) was 49 mg kg À1 and exchangeable potassium (K 2 O exch.) was 81 mg kg
. It contained also 101; 17.4; 17.45 and 0.06 mg kg À1 (DTPA extraction) of magnesium (Mg), manganese (Mn), iron (Fe) and copper (Cu), respectively, and low amount of organic matter (0.4%).
Crop management and experimental design
Corn silage (cv. Panama) was seeded on July 13, 2011 in 0.5 m double row spacing and 0.11 m seed distance to approximately 80,000 plants ha À1 . The experimental design was a randomized complete block with five replications. The experimental plot consisted of double 24 m length rows of plants. Six Zn levels were tested (0 or control; 1.5; 3; 5; 10 and 50 mg kg
À1
). Zn sulfate (ZnSO 4 AE7H 2 O, 22-23% of Zn) was used as source of Zn. Zn fertilizer treatments were split at three different times during the growing season: (i) 50% immediately after sowing, (ii) 25% at 4-5 leaf stage and (iii) 25% at 8-9 leaf stage. In order to distribute Zn treatments equally along the double rows of the experimental plot, each Zn rate was dissolved in a water volume of 16L. Then, this volume was regularly applied to the soil surface between rows of plants using a watering can. The soil was supplied during the growing season with 371.6 kg ha À1 of N as ammonium nitrate, 168.4 kg ha
of P 2 O 5 as di-ammonium phosphate (DAP), 300 kg ha À1 of K 2 O as soluble potassium sulfate, 1.6 kg ha À1 of Mn as manganese sulfate, 2.5 kg ha À1 of Cu as copper sulfate and 2 kg ha À1 of B as boron sulfate. Each experimental plot was equipped with two drip lines irrigation system using 1.2 L h À1 emitters and 0.4 m as emitters spacing. Watering was done whenever required throughout the experiment. The total irrigation amount during growing season was around 600 mm. Plots were hand weeded as often as necessary. Pests mainly insects (Heliothis, Spodoptera and Sesamia) were controlled by three applications of Indoxacarb at three growth stages: 3-4, 4-5 and 7-8 leaf stages. Fungal disease (Helminthosporium) was controlled by three applications of flusilazole at 4-5 and 7-8 leaf stages and silking stage.
Measurements
Stem height and stem diameter were determined on ten randomly chosen plants for each treatment's replication at four growth stages: 4-5, 5-6 and 8-9 leaf stages and harvest. Every ten days, ten randomly chosen plants from each treatment's replication were visually scored for Zn deficiency using a scale of 1-6: 1 = healthy plants without any visual symptoms of Zn deficiency, 2 = mild Zn deficiency, where pale linear green stripes began to appear between the midrib and the margin of new leaves, 3 = less severe Zn deficiency, where white stripes appeared between the midrib and the margin of all leaves, 4 = severe Zn deficiency, where white bands between the midrib and the margin of old leaves appeared, 5 = very severe Zn deficiency, where all leaves are small, and show a white large area between the midrib and the margin of leaves, 6 = dead plant due to very severe Zn deficiency stress. The numbers of days from emergence to anthers emergence, silking emergence and pollination were counted. We considered that each one of these three growth stages was reached only when 50% of plants attained any of them. The harvest was done on October 13, 2011, approximately at a shoot moisture content of 66%. Double 3 m rows, from each experimental plot, were manually harvested by cutting plants close to the soil surface. The fresh weights of harvested samples were measured. Afterward, a subsample of three plants was taken and separated into stem, leaves and ear. Plant's parts were then oven dried at 90°C until constant weight. One ear for each treatment's replication was chosen randomly to determine kernels yield compounds (number of kernels, pollination rate, and 1000 kernels dry weight), cobs' and husks' dry matters and kernels' moisture content. Another randomly chosen plant per replication was divided into three leaf layers (L 1 , L 2 and L 3 ): L 1 = the fourth youngest leaves, L 2 = the fourth middle leaves and L 3 = the fourth oldest leaves. Thereafter, leaf area was determined for each leaf layer using the formula (1) cited by Mokhtarpour et al. (2010) :
where ', w and i are leaf length, leaf greatest width, and leaf number for a given layer, respectively.
Statistical analysis
Data were subjected to analysis of variance (ANOVA) (P 6 0.05 level). Also, Student-Newman-Keuls test was applied to test the difference among the various Zn treatments (P 6 0.05 level). These statistical analyses were performed using the SPSS software (Version 17.0).
Outdoor containers experiment
Site description, crop management and experimental design
An outdoor experiment was carried out in containers quite near to field experiment at an agricultural farm (Mazaria) using the same soil as for field trial on July 6, 2011. A container (0.42 m length, 0.25 m width and 0.16 m depth) was filled with 20 kg of air dried sandy soil. 6 seeds of maize (cv. Panama) were sown in each container. Thinning was done four days after emergence to keep one plant per container. The tested Zn treatments were identical to those of the field experiment and were supplied at the same stages as in the field trial. Containers were irrigated up to field capacity as often as necessary. Each container was equipped with a leaching system in order to retrieve and reuse the leaching solution. The total irrigation amount recorded during the growing season ranged from 500 mm, for Zn deficient plants, to 600 mm for Zn supplied plants. The other management practices were the same as in the field experiment.
Measurements
Every five days, plants were scored using the same scale of visual Zn deficiency symptoms as for field trial. Stem height and stem diameter were measured at the same growth stages as in the field experiment. Days from emergence to anthesis, silking and pollination were counted. The harvest was done on September 26, 2011 at the same shoot moisture content as in the field trial. The harvest parameters as for field grown plants were measured.
Statistical analysis
Data were subjected to the same statistical analysis as for the field experiment.
Results
Visual symptoms of Zn deficiency
For both experiments (field and outdoor containers), the first visual symptoms of Zn deficiency began to appear approximately at an earlier stage (4-5 leaf stage) with Zn supply less than or equal to 5 mg kg À1 ( Fig. 1a and b) . In field as well as in outdoor containers, plants showed white stripes between the midrib and the margin of all leaves. These symptoms became mild as we increased Zn supply. At 8-9 leaf stage, Zn treatments of 0; 1.5; 3 and 5 mg kg À1 showed a clear tendency for recovery from Zn stress. This recovery manifested more and earlier in field than in containers experiment. From silking stage to harvest, all treatments, except for control, did not show any Zn deficiency symptoms. Also, control plants growing in containers were severely stressed than those in field experiment (Fig. 1) . On the other hand, no visual symptoms of Zn toxicity were observed even with high levels of Zn supply (10 and 50 mg kg À1 ).
Stem height
Control field plants showed a significant reduction in stem height from 5 to 6 leaf stage. But, control container plants responded in the same manner until 8-9 leaf stage. At harvest, Zn supply of 5 mg kg À1 in field experiment and 1.5 mg kg À1 in containers experiment showed maximum stem height rises of 7% and 8.5%, respectively, compared to control. At this stage, Zn supply higher than 5 mg kg À1 in field and higher than 1.5 mg kg À1 in containers experiments had no significant effect on stem height. In addition, the plant height increase due to Zn supply was significantly more pronounced in field than in containers experiment (Table 1) . 
Stem diameter
In field experiment, Zn supply enhanced stem diameter significantly from 5 to 6 leaf stage. At harvest, an increase that reaches almost 10.5% in stem diameter was recorded with Zn supply up or equal to 1.5 mg kg À1 compared to control (Table 2) . In containers experiment, stem diameter was not significantly affected by Zn fertilization.
Plant leaf area
Plant leaf area at harvest increased significantly due to Zn application. For both trials, only the bottom and the middle leaf area layers were significantly affected by Zn deficiency. In addition, field grown plants had high leaf area than container (Table 3) .
Days from emergence to anthesis, silking and pollination
For both experiments, the number of days from emergence to anthesis, silking and pollination decreased slightly due to Zn supply (Table 4) . In field experiment, control plots had delays of 1.8; 3.8 and 4.4 days at anthesis, silking and pollination respectively, compared to plots supplied with 5 mg kg À1 of Zn. In containers experiment, these delays were more pronounced and they were respectively 4.9; 6.7 and 8 days.
Kernels moisture content at harvest
As a maturity indicator, kernels moisture content was significantly reduced by Zn fertilization for both experiments (Table 5) . In field conditions, the lowest moisture content of kernels (36.9%) was recorded with a Zn supply of 50 mg kg À1 compared to 40.2% for control. In containers experiment, the lowest kernels moisture (35.9%) was recorded with Zn supply of 10 mg kg À1 compared to 50.7% for control. Also, results showed no significant difference in kernels moisture content with Zn supply up or equal to 1.5 mg kg À1 for both trials.
Shoot fresh weight
Shoot fresh weight, which is equivalent to silage yield, increased significantly with Zn fertilization for both trials. In field experiment, Zn supply of 5 mg kg À1 induced the highest increase of 32.6% compared to control. However, a clear decline was noted with Zn supply higher than 5 mg kg À1 (Fig. 2a) . Results of the containers experiment showed that all Zn supply treatments induced a significant rise of 41.9% compared to control (Fig. 2b) .
Shoot dry weight and its partitioning
For both trials, application of Zn induced a significant increase of shoot dry weight compared to control. The highest increase was recorded with Zn supply of 5 mg kg À1 in field experiment (Fig. 3a) and with 10 mg kg À1 in containers experiment (Fig. 3d) . The shoot dry matter partitioning analysis showed that in containers experiment, dry weights of ear, stem and leaves were all increased significantly by Zn supply. However, in field experiment, only ear and leaves dry weights were augmented (Fig. 3b and e) .
Ear dry weight partitioning
In containers experiment, kernels and cob dry weights responded significantly to Zn fertilization. But, in field experiment only kernels dry weight increased significantly by Zn supply. We recorded that a Zn supply of 5 mg kg À1 raised kernels dry weight in field experiment by 39.4% compared to control. This increase, in containers experiment, reached almost 261.6% with Zn supply of 10 mg kg À1 ( Fig. 3c and f) . Furthermore, the kernels' dry weight was severely depressed by Zn deficiency more in container than in field conditions. On the other hand, Fig. 4 shows that, except for control container grown plants, ear accounted for approximately 66.4% in field and 58.3% in container of the total shoot dry weight ( Fig. 4a and b) . Also, kernels accounted for approximately 80.5% in field and 72% in container of the ear dry weight ( Fig. 4c and d) . Therefore, the decline of silage yield ) on shoot fresh weight in field experiment (a) and on fresh weight per plant at harvest in containers experiment (b). Means with the same letters were not significantly different according to the StudentNewman-Keuls test (at P 6 0.05). Vertical bars are standard deviation.
was mainly ascribed to the decrease of kernels dry weight which contributed to the total shoot dry weight by 53.5% in field and 42% in containers experiment.
Kernels yield compounds
Concerning the number of kernels per ear, the results showed that even if no significant effect of Zn supply was recorded in field experiment, this component was slightly enhanced by Zn fertilization (Fig. 5a) . However, the effect of Zn supply was significant under container conditions (Fig. 5d) . Pollination rate responded significantly to Zn supply for both experiments. Under different Zn rates, this component increased highly in containers experiment (136.9%) than in field experiment (8.7%) compared to control (Fig. 5b and e) . In addition, Zn supply induced a significant increase in the 1000 kernels dry weight for both experiments. Zn supply of 5 and 10 mg kg À1 produced the highest increases of 39.4% and 261% in field and containers experiments, respectively ( Fig. 5c and f) .
Discussion
Based on this investigation, the Zn requirement to alleviate Zn deficiency in silage corn grown on sandy soil was 5 mg kg
À1
. At this rate, symptoms of recovery (deficiency score = 1.5) were observed around 4 weeks in field and in container grown plants (Fig. 1) . This result agreed with the earlier finding of Rungruang et al. (1978) . Zn deficiency symptoms lasted until maturity for control treatment in both experiments. But, they endured 47 days in field experiment with Zn supply of 1.5 mg kg À1 and 60 days in containers experiment with Zn supply of 3 mg kg
. They might be attributable to a very low soil Zn content (0.13 mg kg ) on total shoot dry weight and its partitioning to ear, stem, leaves, kernels, cob and husks in field (a, b and c) and in containers experiment (d, e and f). For each parameter, means with common letters were not significantly different according to the Student-Newman-Keuls test (at P 6 0.05). Vertical bars are standard deviation.
available for a container plant (0.016 m 3 ), which stands for only 40% of that of field trial, might highly reduce total available soil borne Zn. Similar results were reported by Nyaki et al. (1982) . The decline of Zn deficiency symptoms with Zn soil supply may especially be linked to the increase of its uptake by corn. In this regard and based on a study ) on number of kernels, pollination rate and 1000 kernels dry weight in field (a, b and c) and in containers (d, e and f) experiments. For each parameter, means with common letters have no significant differences according to the Student-Newman-Keuls test (at P 6 0.05). Vertical bars are standard deviation. undertaken in this sandy soil, Zn soil supply of 5 mg kg À1 enhanced shoot Zn content at harvest from deficient level (15 mg kg
) to adequate level of 31.6 mg kg À1 (Drissi et al., 2015b) . Also, a similar result was reported by Cakmak et al. (2010) on wheat and by Kaya and Higgs (2002) on tomato. On the other hand, Zn supply resulted in stem height increase in field and container grown plants. In this context, Balal et al. (1998) reported a growth stunting of radish plant grown in Zn deficient medium. Stem stretching due to Zn fertilization involves some growth hormones such as Indole Acetic Acid (IAA) and Gibberellic Acid (GA) (Cakmak et al., 1988; Balal et al., 1998; Sekimoto et al., 1997) . Synchronization of stem height reduction and the appearance of Zn deficiency symptoms on control and under low Zn rates (1.5 and 3 mg kg
) supported the role of Zn in mediating metabolic processes involved in the regulation of maize plant height. In addition to Zn effect, the significant increase in stem height of field grown plants could be attributed also to mutual shading.
Maize leaf area, another growth parameter, was enhanced by Zn fertilization in field and containers experiments. The same results were reported by Khan et al. (2008) on wheat and Chaab et al. (2011) on maize. The effect of Zn on GA and IAA, as growth regulators, might be involved in this process as reported by Sekimoto (1997) . Although intermediate layer leaves (L2) of field grown plants had lower leaf area than those of the container grown maize, total leaf area of field plants was larger. Advantage of field grown plants on those grown in containers was especially linked to the large soil volume mentioned above. On the other hand, Zn deficiency induced a notable delay in achieving anthesis, silking and pollination stages in field grown plants as well as container grown plants. This finding confirmed results of Sharma et al. (1990) who stated that Zn deficiency delayed the development of anthers and tassels. The low kernel moisture content recorded with Zn supply of 50 mg kg À1 was attributed to the enhancement of maturity. This latter was mainly linked to the quick achievement of anthesis and other pollination stages compared to control. Thus, Zn supply tends to hasten kernels maturity and thereby the time of harvest. Similar results were reported by Hansch and Mendel (2009) . Zn fertilization not only hastened maturity but also enhanced fresh weight which is related in our case to silage yield. These results agreed with those of Van Biljon et al. (2010) , Wang and Jin (2007) , Potarzycki and Grzebisz (2009) . In field experiment, optimal shoot dry weight was recorded with Zn supply of 5 mg kg À1 , which is equivalent to an application of 93 kg ha À1 of ZnSO 4 AE7H 2 O. But, in containers experiment we needed to supply 10 mg kg À1 rather than 5 mg kg
. Shoot dry weight reduction under Zn deficiency might be attributed to a net photosynthesis decline (Hansch and Mendel, 2009) due to the inactivation of the carbonic anhydrase enzyme (Sasaki et al., 1998) and chlorophyll synthesis (Cakmak and Marshner, 1993) . For both experiments, dry matter partitioning analysis revealed that Zn deficiency affected mainly kernels dry weight. This latter was mainly linked to two compounds: 1000 kernels dry weight and pollination rate. Similar results were reported under Zn foliar spray (Drissi et al., 2015a) . Under Zn deficiency, the 1000 kernels dry weight decline can be explained by the photosynthesis decline mentioned above while the decrease in the pollination rate could be attributed to male sterility (Sharma et al., 1990) . Hence, Zn fertilization might enhance silage quality through the increase of its content on kernels.
On the other hand, a clear decline trend of shoot dry weight was noticed with Zn supply higher than 5 mg kg À1 under field and higher than 10 mg kg À1 under containers experiment while no toxicity symptoms have been observed on corn. These results are in line with the earlier finding of Takkar and Mann (1978) . They demonstrated that shoot dry weight of container grown corn decreased under soil Zn content higher than 11 mg kg À1 (DTPA extraction), despite the absence of toxicity symptoms on plants. Also, such decline may also be attributed to a disruption in plant mineral content due to antagonism between Zn and other nutrients (Drissi et al., 2015a) .
Plants grown under field and outdoor container conditions showed similar trends in responses to Zn supply. As shown in Fig. 6 , all Zn rates, except control plants, had response ratios of containers grown plants to those of field around 1 for all measured parameters. Therefore, the containers experiment results, with the aforesaid dimensions, can be used to predict field grown maize responses to Zn fertilization on sandy soil. However, caution must be taken with deficient Zn rates that affected harshly container grown plants more than field grown plants.
Conclusions
Results of this study indicated that Zn fertilization is a crucial technique for improving corn silage yield on a sandy soil, naturally poor in Zn. The highest yielding in field experiment was recorded with a Zn soil supply of 5 mg kg À1 as ZnSO 4 AE7H 2 O ($93 kg ha À1 ). Moreover, Zn supply enhances silage quality through the increase of kernels dry matter contribution in its content. Zn deficiency symptoms, without a Zn supply, manifested more in container than in field conditions. However, both experiments had the same trend in responses to Zn soil supply.
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